(Received for publication, June 13, 1938) Exact knowledge of the derangements in kidney function due to disease has not been available because of the difficulty in correlating the anatomical lesion in the kidney and the observed changes in kidney function with the current theories of renal physiology. Previous experiments designed to study the functional factors involved in kidney lesions have been complicated, and the results obscured by extraneous effects produced by the nephrotoxic agent. Such experiments have been extensively reviewed by Horn (1) and need not be detailed here,
In 1935, Nicholson, Urquhart and Murray reported to the Toronto Biochemical Society, a method for the perfusion of one kidney of an animal without allowing the peffusion fluid to enter the general circulation. The circulation of the kidney was then restored and the kidney replaced in the animal. At the end of 48 to 55 hours this procedure resulted in a degenerative lesion of the proximal convoluted tubules (a nephrosis) with albumin and casts in the urine. The uninjected kidney presented no patholo~cal changes.
This method permits one to observe the functional changes due to the kidney damage alone, eliminating the possibility of changes in function due to the production of more generalized lesions. It also provides a most accurate control, namely a normal kidney in the same animal subjected to identical experimental conditions. fig. 1 ). This was followed by 50 ml. of a 1 per cent sodium citrate solution in 0.9 per cent saline. The injection fluids were allowed to escape through a puncture in the renal vein and were taken up by suction, none being allowed to enter the peritoneal cavity. The circulation to the kidney was then restored and as soon as bleeding became controlled the kidney was replaced and the incision closed in the usual manner.
In the majority of experiments after an interval of 48 hours the bladder was opened under light nembutal anaesthesia and the urine from each kidney collected through ureteral catheters. Observations were made on three control groups: 1. Variations between the two kidneys were determined under nembutal anaesthesia in normal animals.
2. In a small group to assess the effect of anaesthesia, the bladder was exposed, divided and sutured in such a way as to provide separate pouches for each ureter. These were drained by means of Pizer catheters connected to a specially devised constant suction apparatus, arranged so that the animal had considerable freedom of movement (Text- fig. 2 ). This made possible the collection of the urine from
Apparatus devised for collection of urine from separate bladder pouches over long periods of time.
A = tubes leading from bladder pouches. B = collecting bottles. C = swivel mechanism. D and E = syphon system. F = carriage to hold collecting bottles.
each kidney over prolonged periods. Individual clearances could be obtained before injection and at varying intervals following the injection without the use of anaesthesia. 3. The effect of possible nerve damage was observed by (a) carrying out the preliminary procedure on the left kidney alone without subsequent injection and (b) carrying out the same procedure on the right kidney immediately after the left was injected. In addition in a few ~n~mals the effect of a fairly complete denervation of one kidney was observed.
Clearance Technique.--Clearances were determined 48 hours following the injection. The clearance of urea, xylose, creatinine, inulin and phenol red were studied. Urea and xylose clearances were done simultaneously with creatinine and/or inulin. Since in the dog creatinine and inulin clearances are identical (2), the inulin clearance was done simultaneously with that of phenol red to avoid the necessity for using a compensating colorimeter.
The substances to be studied were given with an initial intravenous injection of 300 mi. of 5 per cent glucose in order to insure a flow of urine well above the augmentation limit. The amounts used varied to some extent with the size of the animal as follows: Creatinine 2 to 3 gin., xylose 5 to 7.5 gin., inulin 2 to 3 gin., phenol red 50 to 75 nag. Following the first 30 minute period a continuous intravenous injection of normal saline was given containing additional amounts of these substances. In 500 ml. of 0.9 per cent saline it was necessary to have xylose 5 gun., inulin 1 gin. and phenol red 125 rag., to keep the blood level of these substances fairly constant, according to the recommendation of Smith (3) . During the continuous administration of normal saline two or more clearance periods of 30 minutes were run. Following collection the urine was analyzed for its content of the substances cleared. In all cases plasma was used for the estimation of blood level of these substances, the blood being drawn and centrifuged under off. Blood samples were taken at the beginning, midpoint and end of the first period and at the beginning and end of each subsequent period.
Analytical Technique.--Urea was determined by the method of Van Slyke and Cullen (4). Sugars were determined on I ml. portions by the Harding and Downs modification of Shaffer-Somogyi reagent (5). Creatinine was determined by the method of Folin and Wu (6), using the Evelyn photoelectric colorimeter (7). Phenol red was determined by the addition of 5 ml. of 25 per cent NaOH to 10 nil. of the unknown solution and measuring the color developed in the Evelyn colorimeter using the No. 540 filter.
Plasma urea was estimated directly using 3 ml. of plasma. Folin-Wu filtrates were used in the determination of xylose, inulin, creatinine, and phenol red. Xylose was estimated as the residual reduction after yeast fermentation. Inulin was estimated as the increased reduction due to hydrolysis with N/1 H2SO4.
Plasma chloride was estimated by means of a modification of the WhitehornVolhard (8) titration as follows: 20 ml. of plasma filtrate were taken and 20 ml. of silver nitrate reagent were added to it. After standing the mixture was filtered. 20 ml. of this filtrate was titrated with NH4CNS as described in the original method.
Urine.--Urea was estimated as for plasma using 1/100 dilutions of the urine.
Xylose was estimated as above using 1/100 to 1/400 dilutions according to the concentration of the sugar. In dilutions of 1/200 or greater fermentation was unnecessary as normal urine reducing substances were diluted out beyond the sensitivity of the reagent.
Inulin was determined as in plasma using 1/400 or 1/800 dilutions.
Phenol red was estimated as in plasma using 1/400 dilution. Higher dilutions were employed when necessary.
Urine chloride was estimated by a modification of the Volhard-Harvey (9) titration, 5 ml. of urine were pipetted into a 100 ml. volumetric flask; 5 ml. of HNOs cone. were added and heated in a boiling water bath. By this procedure phenol red was destroyed. After cooling 10 ml. of the reagent were added. After standing the precipitate was removed by filtration. 25 ml. portions of the clear filtrate were titrated with NH4CNS as described in the original method.
Histological Technique.--Kidneys were removed from the anaesthetized animal, cut into thin slices, examined for gross changes, and fixed in neutral formalin. In a number of instances pieces were fixed in Zenker's solution without acetic acid and in Bensiey's A.O.B. fluid. Representative portions were embedded in paraffin by the usual methods and sections of from 5 to 10~ cut. The formalin-fixed sections were stained with haematoxylin-eosin, the Zenker-fixed sections with Heidenhain's azan-carml, modification of Mallory's aniline blue stain according to McGregor (10) and those fixed in A.O.B. fluid were stained with iron haematoxylin. Sections of the kidneys of a number of rabbits which had been injected with sodium ferrocyanide as described by Gersh and Stieglitz (11) were prepared by Gersh's (12) modification of the Aftmann technique for f~xation by drying while freezing. The ferrocyanide was stained by the Prussian blue reaction according to the directions of Gersh and Stieglitz (11) . A few minor modifications were introduced. The sections were dropped into chilled isopentane as recommended by Hoerr (13) . The isopentane was chilled in liquid air in an apparatus arranged so that there was no possibility of the pentane and liquid air miTing. The frozen sections were then kept at a temperature of -30°C. by immersing the vessel in which they were to be dehydrated in a mixture of alcohol and water with a freezing point of -35 ° to -40 ° chilJed by being packed in solid COz and kept from freezing by constant agitation by a stream of compressed air. Depending on the volume of the stream any desired temperature between -25 ° and -35 ° could be maintained. 5 pounds of solid CO2 would last for 10 to 12 hours if the container was well insulated with felt. 1 RESULTS Injection of 7.5 per cent sodium tartrate in the manner described produced a degenerative change in the cells of the proximal convoluted tubules characterized by swelling, blurring of the outlines, marked 1 We are greatly indebted to Professor J. O. Wilhelm of the Department of Physics of this University who devised the apparatus for safely chilling the isopentane with liquid air and who assisted us in freezing the kidney sections. We also wish to express our thanks to Professor E. F. Burton, Director of the Department, for placing its facilities at our disposal. granulation with intensification of the acidophilic staining, destruction of portions of the brush border and desquamation of cellular material into the lumens of the tubules. The damage did not affect the other portions of the tubules to any appreciable extent. Casts were found in many of the tubules. The glomeruli appeared normal, careful examination showing no differences between those in the damaged and those in the control kidneys. In the urine from the damaged kidney, albumin and cellular, granular and hyaline casts were found, the cellular casts being tubule cell casts.
This damage affected the excretion of water, chloride, nitrogenous substances, inert sugars and ferrocyanide. The excretion of these When no diuresis was present the fluid output from the damaged kidney was always considerably less than from the normal. Table I shows the average relative output of urine found in a series of animals, the volume of urine from the damaged kidney (left) being reduced from 8 to 63 per cent. The concentration of chloride under these conditions was always increased from the damaged kidney and in most instances the absolute amount excreted was also greater than the normal (Table I) .
When a diuresls was induced by the intravenous injection of 5 per cent glucose, the fluid output from the damaged kidney increased to an amount approaching the normal even though the amount from the normal kidney was also increased (Table II) . Under these conditions also the amount of chloride excreted by the damaged kidney exceeded that put out by the normal (Table II) . When a diuresis was induced by a continuous intravenous injection of 0.9 per cent sodium chloride the fluid output from the damaged kidney was at first always considerably greater in amount than from the normal. If the intravenous injection was continued for a sufficient length of time the urine output from the normal kidney approached or passed that from 'the damaged kidney (Table III) . The output of chloride from the damaged kidney was greater than from the normal kidney. As the intravenous sodium chloride injection progressed there was at first an increase in the amount of chloride excreted by both kidneys with the amount from the normal kidney eventually exceeding that from the damaged kidney (Table III) . That this effect of intravenous sodium chloride producing results comparable with those found in the denervated kidney (Marshall and Kolls) (14)), was not due to injury to renal nerves during the operative procedure, is shown as follows:
1. The urine from the damaged kidney was always less in amount when there was no diuretic stimulus (Table I) , whereas the denervated kidney excretes larger amounts of urine under all conditions (Marshall and KoUs (14)), (Table IV). 2. In certain control experiments the preliminary operative procedure was carried out on the left kidney, no injection being given. There was no difference in the function of the two kidneys (Text-fig. 3 ).
3. In certain other control experiments the preliminary operative procedure was carried out on both kidneys, the left kidney only being injected. The effect on water and chloride excretion (as of the other substances tested) was not different from the effect on those substances as shown above (Text-fig. 3 ).
4. It is significant that Underhill, Wells and Goldsckmidt, quoted . 6 ). This ratio in the case of urea, however, is markedly elevated by diuresis in the damaged kidney. The phenol red clearances are strikingly affected in the damaged kidney. The marked decrease in phenol red clearance was much greater in degree than the decrease in inulin or creatinine clearance. A comparison of the phenol red to inulin ratios is shown for the two kidneys (Table V) . This ratio is much lower for the damaged kidney than for the normal.
The limited number of ferrocyanide clearances done gave results similar to the inulin and creatinine clearances. The elimination of ferrocyanide was more extensively studied in sections obtained by the freezing-drying technique. In such sections of normal kidney, ferrocyanide was found in the glomerular tufts and spaces and in the lumen of all portions of the tubule, the picture being essentially the same as that described by Gersh and Stieglitz (11) . Sections from the damaged kidney were strikingly different. The appearance of the glomeruli was unchanged but the convoluted tubules showed a certain amount of raggedness and loss of continuity of the brush borders with deposits of ferrocyanide throughout the whole thickness of the tubular wall. The ferrocyanide when revealed by the Prussian blue reaction was seen in the cells as a diffuse bluish staining and as granular deposits. In the loops of Henle, distal convoluted tubules and collecting tubules the ferrocyanide was confined to the lumen as in the normal kidney ( Figs. 1 and 2 ). From this it is evident that the damage is limited to the proximal convoluted tubules; that it is of such a nature that it renders these cells permeable to ferrocyanide, allowing this substance to diffuse back through the walls. It is probable that this back diffusion accounts for the decreased clearance of ferrocyanide.
Determinations of the ammonia in the blood from the renal veins, arteries and in the urines from each kidney were done on a limited number of animals. No differences were detected between the damaged and the undamaged kidney3 DISCUSSION The changes in function herein noted are due to the damage produced in the kidney. The method of injection precludes injury to other structures. The presence in the animal of a normal kidney prevents the retention of metabolites which might influence kidney function. In addition it is to be noted that the changes found are greater than the physiological variations when both kidneys are normal (Text- figs. 3 and 5) .
From the histological standpoint the glomeruli were unaffected, the lesion being confined to the proximal convoluted tubule. A comparison of the various clearances shows that the damaged kidney usually has a lower clearance rate for each substance than the normal. This reduction in the case of creatinine and inulin (which in the dog are excreted entirely by the glomerulus) was the same. The clearance of phenol red, 90 per cent of which is secreted by the tubules (Marshall et al. (15, 16) and Shannon (17) ) and later shown to be limited to the proximal convoluted tubules (Gersh, 1934 (18) ), is reduced to a much greater degree (Table V) . The damage to the proximal convoluted tubules therefore has definitely impaired their function.
It has been demonstrated by Van Slyke et al. (2) that the clearance of creatinine and inulin in the dog represents the glomerular filtrate. The decrease in the clearance of these substances from the damaged kidney might be taken to indicate glomerular damage of such a nature that it could not be detected by the histological methods at present available. Such an assumption is unnecessary as is shown by the histological studies on the excretion of sodium ferrocyanide. These experiments demonstrate clearly that the impermeability of the cells of the proximal convoluted tubule to ferrocyanide is lost to such a degree that a marked back diffusion of the salt takes place. It is altogether likely that there is a similar alteration in permeability to creatinine and inulin. This would adequately explain the decrease in the clearances of these substances from the damaged kidney. The clearance of inulin or creatinine in these cases therefore does not represent the glomerular filtrate.
The slightly greater decrease in urea excretion, which occurred under some conditions, either may be due to increased back diffusion of urea or may indicate a possible secretory action of the proximal tubule, impaired under these circumstances.
The decreased water excretion under "resting" conditions may also be explained by increased back diffusion.
The relative inability of the nephrotic kidney to hold back chloride points to the possibility that the proximal tubule plays an active part in reabsorbing chloride and probably sodium. The increased output of urine during salt diuresis is probably explained by the fact that the sodium and chloride not reabsorbed hold with them varying amounts of water. This causes a greater diuresis from the damaged kidney than occurs from the normal.
The results of the ammonia determinations indicate that the proximal convoluted tubule is probably not the site of ammonia formation. SUXCM 4.RY 1. A method is described for the production of a nephrosis in one kidney of an experimental animal. The normal kidney in the same animal is available for a control.
4. Excreted ferrocyanide is found in the cells of the proximal tubule of the damaged kidney. It is not present in these cells in the normal kidney. This is taken to be evidence of back diffusion of ferrocyanide through the damaged cells.
5. The decrease in clearance of creatinine and inulin, which in the dog represent glomerular filtrate, may therefore be explained by back diffusion and is not necessarily due to glomerular change.
6. The phenol red clearance from the damaged kidney is diminished in relation to inulin. This is further evidence of depressed tubular activity.
EXPLANATION OF PLATE 14
The excretion of ferrocyanide. 
